Abstract.-The temperature dependence of conductivity and thermopower has been measured for a series of compensated a-Si:H films prepared by glow-discharge decomposition of SiH4-pH3-B2H6 mixtures. The discussion of the data in terms of current transport models points to extended states conduction with weak fluctuations of the mobility edges due to inhomogeneities. For boron doping levels [BZH~] 2 1 0 0 pprn a perceptible contribution of hopping conduction near E is likely to be present. The electronic transport gap is found to be F 21.74 eV, and the conductivity prefactors Go for electrons and holes are inferred to be equal within a factor of two.
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Introduction.-Although the electronic transport properties of both n-and p-type amorphous silicon films have been studied rather extensively (1-3) the knowledge of parameters which involve both sides of the electronic gap, like the width of the transport gap or the ratio of electron and hole mobilities in the bands is still rather limited. Information on such parameters is expected from the investigation of compensated films where due to the addition of acceptors and donors the Fermi level can be held close to midgap, so that both electrons and holes contribute to the electronic transport. Furthermore, the investigation of compensated a-Si films allows the study of transport parameters as a function of dopant concentration without moving the Fermi level considerably. A discrimination between different mechanisms proposed for the electronic transport in a-Si may thus be possible.
In this article we present conductivity and thermopower data from two compensated systems where the transition from n-to p-type conduction was monitored. In system A, the boron concentration during the glow-discharge deposition process was kept constant at [B~HG] = 1000 pprn and the phosphine concentration was varied from 0 to 3000 ppm. In system B, the phosphorus concentration is fixed at [PH~] = 1000 pprn and the boron content varies.
Experimental.-The a-Si:H films were prepared in an inductively coupled glow-discharge apparatus at an rf power of 6 5 W, a pressure of 0.4 mbar and a flow rate of 6 sccm. The deposition rate was %1.5 A/s at a substrate temperature of 300°C. Substrate material was fused silica and sapphire. In order toincrease the accuracy of the thermopower measurements, each data point was determined by a least square fit using about 1 0 values of thermovoltage AV and temperature gradient AT, taken at a given average temperature.
Results and Discussion.-The experimental results for a series of films belonging to system A are shown in Fig.1 . Plotted is the conductivity G (Fig.la) and the thermopower S (Fig.lb) as a function of reciprocal temperature. Up to 700 pprn pH3 (curves 1-3) the films are p-type. The conductivity at 300K decreases with increasing pH3-concentration from ' % 10-~(~cm)-l for 3 pprn pH3 to below 1 0 9(~cm)-1 for 700 ppm.
Simultaneously, the positive thermopower increases. Between 700 and 1000 pprn PH3 the dominant contribution to changes from holes to electrons. With further increase of the PHs-concentration (curves 4-6) the conductivity increases again, and slope as well as absolute value of the negative thermopower decrease. The maximum activation
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According to the thermopower, however, even for this sample single-band conduction prevails since in case of ambipolar transport S should be close to zero.
For single-band transport, a plot of Q = lnd+\ (e/k)SI versus 1/T yields meaningful information on the transport process since this quantity is independent of the position of the Fermi level. In Fig.2 , Q is plotted as a function of 1/T for the films shown in Fig.1 . Except for the film doped with [PH~] = 1000 ppm, where the results indicate a slight contribution of holes to the predominant electron transport, all data points can be fitted by a single line: Q = Qo-E /kT with Q % 1 1 and E % 0.2 eV. This value of E is approximately by a factor of L o larger ?han for &oped and phosphorus-doped fiyms ([PH~]s 1000 ppm) (5). As is shown in Fig.3 , where E is plotted as a function of dopant concentration for both systems A and B, E clea$ly depends on the boron concentration but is almost independent of the phospaorus content (5). The experimental results point to E % O.leV for low boron concentrations ( < 100 ppm) andQ E Q, 0.2 eV for h+gh boron contents ( > 1000 ppm) in-Q dependent of whether the charge transport is dominated by electrons or holes. The insensitivity of Q wa 01 in system A of doping (Fig.2) shows that conduction0 in impurity bands (2) does not contribute significantly to the transport. Hence, the slope E cannot be interpreted as a hopping energy. A mixedQconduc- we do not observe. In the following, we discuss three physically plausible models which can account for a non-zero E rising with increasing boron concentration.
Q
ations upon boron-doping could come from our hydrogen evolution data (7). These, namely, provide evidence for the presence of microstructural inhomogeneities in boron-doped a-Si:H films, in contrast to phosphorus-doped and undoped samples.
b) E is caused, at least in part, by a non-zero slope of the density of states distribgtion g(E) above the mobility edges. In this case, the kinetic term A of the thermopower becomes larger than unity and temperature dependent. The Kubo-Greenwood formalism (4) yields E = (A-1)kT + k~~( d~/ d T ) and, if g(E) = g + g-kT and p(E)=const.
is assumed, A = 1 + g*fi~/(g*k~ + g ) . The experimental result gf an equal increase of E ( i.e. A) for electrons and holgs with increasing boron concentration could be rel%ed to our f inding (7) that boron-doped films evolve considerable amounts of hydrogen already during deposition. This may cause additional disorder resulting in tailing effects at the mobility edges. It appears unlikely, however, that E is caused entirely by this effect since the constant E as a function of temperatu?e and phosphorus doping level (system A; Fig.2 ) would r&uire a rather specific g(E) beyond the mobility edges, independent of doping. A separation of E into terms due to potential fluctuations and due to A>1 may be accomplished by a plo? of E -eST as a function of o temperature. If the influence of potential fluctuations can be described in terms of a formally activated mobility p =(uo/kT) exp(-E /kT) the Kubo-Greenwood formalism, if applicable, yields (4) U Here, the shift of the Fermi level EF with respect to the local mobility edge is taken to be (EC-EF) = (EC-EF)o+ 6T. E becomes: Q Analyzing our data by means of eqn.(l), we obtain for E the values shown also in Fig.3 . Although this analysis is rather crude involvingUa differentiation of the conductivity data and an extrapolation to T=O, the result of E % 0 . 1 eV almost independent of doping appears physically not unreasonable. The numger of charged donor and acceptor centers in the compensated systems is almost constant. The increase of E upon boron doping, according to this analysis, could be due to an increase in the Q kinetic thermopower term A, i.e. to tailing effects at both band edges.
c) E is caused in part by a hopping contribution at or near the Fermi level. This condsction path has a small thermopower and a weaker temperature dependence of o than band transport. For phosphorus-doped films we have observed E % 0.1 eV over a temperature range of 500K (8) which shows that the major part of E 'cannot be explained in this way and which points rather to long-range potential flustuations (6). For borondoped samples, on the other hand, the Q versus 1/T curves exhibit a kink for [B~HC] 2 1000 ppm (8). Model calculations assuming OH= Oo ~X~-(T~/T)"~ with T = 10'~ and using OoH as a free parameter, show that thls k& disappears if a prgper value of GoH is assumed. At the same time, E is reduced by W.05 eV in system A. In system B, a similar change of E is found forQhigh boron concentrations while there is no indication for a hopping 8ath for samples doped by phosphorus only.
A discrimination between models (a)-(c) can possibly be obtained from the determination of the width of the transport gap. In Fig.4a ,b the conductivity and the Peltier heat eST are plotted as a function of 1/T and T, respectively, for a series of films from system B with EF close to midgap. For [B~HG] = 1200 ppm, one of the four films investigated shows eST-0 over a range of 150K, implying that electrons and holes contribute equally to the electronic transport, i.e. the Fermi level lies at midgap EM. The conductivity of this film has an activation energy E % 0.87 eV at SoOK, corresponding to a transport gap (extrapolated to T=O) of o The optical absorption of our films indicates a gap E Opt = 1.58 eV at 300K inferred from a Tauc-plot. Using a temperature coefficient of ?he optical gap, y = -4.3x10-* eV/K (3),and extrapolating to T=O, we obtain between elecgtgn an8'hole conductivity (oOn/0 ) = 2. OP activation energies. In Fig.5a , u /a = OP 1 gives a surprisingly good agreegsntoP with the experimental data whereas for a /a = 2 (Fig.5b ) the fit becomes rather unsatisfactory. We note that equal prefact%!s fgr electron and hole conductivities are in agreement with the concept of extended states conduction (1).
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